Type I topoisomerases have been purified from nuclei and mitochondria of human acute lymphoblastic leukemia cells. Both of these ATP-independent enzymes are actually found to be inhibited by ATP at physiologically significant concentrations. Other adenine nucleotides showed varying effects: ADP inhibited only at high concentrations; AMP had no effect on either topoisomerase. Both enzymes were also inhibited by dATP. The importance of the adenine ring structure was confirmed by the lack of an inhibitory effect observed with equivalent levels of GTP, UTP, CTP, or.their deoxy counterparts. This class of enzymes has been found throughout nature; topoisomerases have been isolated from bacteria, viruses, lower and higher eukaryotes, and organelles such as mitochondria and chloroplasts (1-4). We have reported the occurrence of four topoisomerases from human acute lymphoblastic leukemia (HALL) cells-type I and type II enzymes from nuclei and mitochondria (5-7). The partially purified type I enzymes from these cells were found to be somewhat sensitive to ATP (7). Although relaxation of supertwisted DNA could proceed in the absence of ATP, this activity was actually reduced by the addition of ATP. An ATP-inhibitory effect has also been observed with the type I topoisomerase from Ustilago maydis (8).
nonhydrolyzable analogs of ATP suggest that hydrolysis of ATP does not accompany this enzyme inhibition. This was supported by direct determination of the ATPase activity of the purified enzymes. Type I topoisomerases from calf thymns and HeLa cells were also found to be sensitive to ATP. These results suggest that mtammalanype I topoisomerases in general may possess. a nucleotide-binding site that may be involved in regulation of enzyme activity.
Topoisomerases are enzymes that interconvert topologically equivalent forms of DNA by means of mechanisms involving concerted breaking and rejoining of DNA strands. Type I topoisomerases create a single-strand nick and pass an intact strand through the break before resealing. This process, which changes the linking number ofthe DNA in steps of one, is ATP independent. Type II topoisomerases create a doublestrand cleavage and pass an intact double strand through the break before resealing. This duplex breaking and rejoining changes the linking number in steps of two. This class of enzymes has been found throughout nature; topoisomerases have been isolated from bacteria, viruses, lower and higher eukaryotes, and organelles such as mitochondria and chloroplasts (1) (2) (3) (4) . We have reported the occurrence of four topoisomerases from human acute lymphoblastic leukemia (HALL) cells-type I and type II enzymes from nuclei and mitochondria (5-7). The partially purified type I enzymes from these cells were found to be somewhat sensitive to ATP (7) . Although relaxation of supertwisted DNA could proceed in the absence of ATP, this activity was actually reduced by the addition of ATP. An ATP-inhibitory effect has also been observed with the type I topoisomerase from Ustilago maydis (8) .
Recently it was reported that another type I enzyme-the eukaryotic virus-encapsidated topoisomerase isolated from vaccinia virus-is stimulated by added ATP (9) . We 7 .0/1 mM EDTA) and blended in a Waring blender (20 sec, low power). This homogenate was centrifuged at 1500 rpm. After decanting the supernatant (subsequently used to prepare mitochondria) the pellet was resuspended in 150 ml of isolation buffer containing 2.5 mM MgCl2 and filtered through cheesecloth, and the nuclei were collected by centrifugation at 2000 rpm.
Nuclear Topoisomerase. The purified nuclei were suspended in 60 ml of lysing buffer (150 mM KP1, pH 7.0/1.0 M NaCl/20%o glycerol/10 mM 2-mercaptoethanol) and made 1 mM phenylmethylsulfonyl fluoride and 1% Triton X-100. The nuclei were lysed for 30 min at 0C and treated with 0.5 vol of 18% PEG 6000 in 1 M NaCl/solution A, pH 7 (13) . Mitochondrial Topoisomerase. The supernatant from the first slow spin was centrifuged 30 min at 10,000 rpm. The mitochondrial pellet was washed once, resuspended in 170 ml of isolation buffer, and loaded on gradients of 25%/42.5% sucrose in isolation buffer. The samples were centrifuged 1 hr at 19,000 rpm in a Beckman SW 27 rotor at 4TC. The mitochondrial band at the interface of the 25% and 42.5% sucrose was removed by pipet, diluted with an equal volume of 10 mM Tris HCl, pH 7.0/0.1 mM EDTA, and collected by centrifugation at 12,000 rpm for 30 min. The pellets were resuspended in isolation buffer (7.5 ml), the protein content was determined by biuret analysis (14) (41.6 mg), and the mitochondrial outer membrane was stripped off as described (7) using digitonin (1 mg of digitonin/8 mg of mitochondrial protein) according to the procedure of Schnaitman and Greenawalt (15) . The mitoplast pellet was washed once, resuspended in 5 ml of lysing buffer, lysed with 1% Triton X-100 for 15 min at 0°C, and precipitated with PEG as above.
The PEG supernatant (27.3 mg; 2.3 x 102 units/mg) was loaded onto a hydroxyapatite column (2. The degree of mitochondrial purification was assessed by following certain marker enzymes. In particular, assays of DNA polymerase a (a nuclear enzyme) and y (the mitochondrial polymerase) were performed at various stages as described (7) . Typically, the y/a activity ratio was >20:1 when assays were performed using mitoplasts from gradientpurified mitochondria. This ratio is comparable to values published by investigators in other mitochondrial systems (16, 17) .
Topoisomerase Assays. Type I topoisomerase was measured by the relaxation of superhelical pBR322. The 10-ilI assay mixture contained 40 mM Tris*HCl (pH 7.0), 60 mM KCl, 10 mM MgCl2, 0.5 mM dithiothreitol, 0.5 mM EDTA, bovine serum albumin (30 jig/ml), pBR322 (20 ,ug/ml), and varying amounts of enzyme. After 30 min at 37°C, the reactions were terminated by addition of 1.5 ,l of 5% NaDodSO4/25% (wt/vol)-sucrose/0.025% bromophenol blue. The products were separated by electrophoresis and visualized as described (18) . One unit of activity is the amount of topoisomerase that relaxes 50o of the substrate DNA under the specified conditions. ATPase Assays. The enzyme preparation was tested for ATPase activity essentially according to Foglesong and Bauer (9 
RESULTS
Effects of ATP on Nuclear and Mitochondrial Type I Topoisomerase. Topoisomerase assays using gel electrophoresis to monitor relaxation of supercoiled pBR322 were performed in the absence and presence of increasing concentrations of ATP. Fig. 1 and Table 1 show the results of such assays. There was a marked reduction of relaxation as the ATP concentration was increased from 0 to 10 mM (Fig.  LA) . The nuclear topoisomerase activity was reduced 50% at 1.0 mM ATP, and relaxation was completely inhibited by 5 Biochemistry: Castora and Kefly After correcting for the actual amount of enzyme activity used in these assays, it was found that 0.60 mM ATP was sufficient to inhibit 1 unit of nuclear topoisomerase I by 50%. Similar results were obtained with the mitochondrial enzyme; in this case, 50% inhibition was obtained with 1.8 mM ATP. After normalization, it was found that 0.90 mM ATP inhibits 1 unit by 50%.
To determine whether this enzyme-nucleotide interaction is specific for ATP, we tested the effects of other adenine nucleotides. The substitution of dATP for ATP resulted in similar patterns of inhibition for both enzymes (Fig. lA) : 1 unit ofthe mitochondrial topoisomerase was inhibited 50% by 1.0 mM dATP, which is close to the value obtained for ATP; 1 unit of the nuclear relaxing activity was also reduced 50o by 1.0 mM dATP, which is slightly higher than the value obtained with ATP.
The nuclear enzyme was inhibited by ADP but only at more than an 8-fold higher concentration (1 unit of activity was decreased 50% by -5.0 mM ADP), whereas ADP was essentially ineffective in reducing relaxation by the mitochondrial topoisomerase. No 5 mM) .
Thus, the inhibition of topoisomerase activity by ATP does not involve hydrolysis. This conclusion was supported by another experiment. Fig. 2 shows the results of electrophoresis in 0.7% agarose of aliquots of nuclear topoisomerase assays. In the absence of ATP (lane b), 2 units of enzyme activity completely relaxed the substrate DNA. In the presence of ATP, however, there was an increasing amount of inhibition: at 1.0 mM ATP there was =50% activity and at 5.0 mM ATP there was essentially complete inhibition. When aliquots of these same assays were fractionated by thin-layer chromatography, there was no evidence that inhibition required ATP hydrolysis (Table 2 ). In the control sample, 88.1% of the total radioactivity was found in the ATP, with 8.4% and 3.5% found in ADP and AMP, respectively, after incubation under standard assay conditions. In the presence of enzyme, there was still no change in this distribution. With 1 and 5 mM ATP, still 88.5% and 88.3%, respectively, of the radioactivity were found in the triphosphate and there were no increases in the radioactivity associated with ADP or AMP. These experiments confirm that hydrolysis of ATP is not necessary for inhibition of topoisomerase I.
Although no enzyme with DNA-gyrase-like supercoiling activity has been isolated from eukaryotic cells, the above ATPase and nonhydrolyzable ATP analog experiments argue against the faint possibility that such an enzyme might be contaminating our preparations. If this' had been the case, supercoiling of any relaxed DNA woull require ATP hydrolysis. This was not observed in the first case and could not occur in the latter case. Furthermore, as described below, purified type I enzymes from another laboratory gave similar results.
Other Type I Topoisomerases May Be Regulated by ATP.
Highly purified type I topoisomerases from calf thymus and HeLa cell nuclei were also tested for ATP sensitivity. Serial dilutions of these homogeneous enzymes were performed in the absence and presence of 5 mM ATP or GTP. Results, shown in Fig. 3 , indicate that the HeLa cell enzyme was completely inhibited by 5.0 mM ATP. The same result was obtained with the calf enzyme (data not shown). As a negative control, GTP was found to have no inhibitory effect (lanes f and g). These results are in agreement with the results obtained with the leukemia cell nuclear and mitochondrial enzymes. Finally, these experiments implicate a role for ATP in regulating the activity of DNA topoisomerase in vivo. The concentration of ATP in mitochondria has been reported to range from 0.6 to 6.0 mM (21) (22) (23) , so that the values found to be inhibitory to the mitochondrial topoisomerase in this study are certainly within the physiological range. Thus, variations in ATP concentration within the mitochondrion could turn on or off topoisomerase activity. Analogously, ATP levels in the nucleus could help regulate the activities of the type I topoisomerase in that organelle: the enzyme being turned on at low concentrations and then being increasingly shut down as ATP levels become elevated. This form of modulation by ATP would suggest that the two topoisomerases possess nucleotide-binding sites through which conformational changes that affect protein-DNA interactions, and thereby catalytic activity, are transmitted.
It was been observed recently that ATP (10 mM) reduces DNA binding by topoisomerase I from chicken erythrocytes (24) . On the other hand, yeast topoisomerase I activity has been reported to be unaffected by up to 5 mM ATP (25) . Our observations that the leukemia cell topoisomerases as well as the purified HeLa and calf thymus enzymes are ATPsensitive suggest that this phenomenon may be a general feature of the mammalian enzymes, possibly responsible for regulation of competing intracellular topoisomerase activities. Our ATPase result, as well as the fact that purified enzymes from different laboratories were used, argues against the possibility that impurities in the enzyme preparation could be responsible for some indirect process-e.g., protein phosphorylation, which could mediate topoisomerase activity. Further studies to elucidate this ATP regulatory effect are necessary.
